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I .  INTRODUCTION 

I n  t h i s  paper ,  w e  b r i e f l y  review measurements o f  atomic ion 
s p e c t r a  made with t h e  s t o r e d  ion technique i n  t h e  l a s t  few y e a r s .  By 
d e s i g n ,  i ts scope is l i m i t e d :  f o r  example, i n  t h e s e  proceedings C. 
Werth w i l l  review experiments  s p e c i f i c a l l y  r e l a t i n g  t o  high r e s o l u -  
t i o n  microwave s p e c t r a  of s t o r e d  ions  and R .  S .  Van Dyck Jr .  and D .  
A .  Churctl w i l l  d i s c u s s  a p p l i c a t i o n s  of t h e  s t o r e d  ion technique t o  
g-2 measurements and c o l l i s i o n  s t u d i e s  r e s p e c t i v e l y .  We w i l l  a l s o  
omit t h e  i n t e r e s t i n g  e x c i t e d  s t a t e  l i f e t i m e  measurements made us ing  

reviews a r e  g iven  e l s e ~ h e r e ~ - ’ ~ ;  we a l s o  r e f e r  t h e  r e a d e r  t o  t h e  
a b s t r a c t s  f o r  t h i s  conference .  

The ion s t o r a g e  technique  f o r  s t u d i e s  of atomic s p e c t r a  is 
a c t u a l l y  qu i t e  genera l  and could i n  p r i n c i p l e  be used  on a l l  atomic 
and molecular  i o n s :  i n  p r a c t i c e ,  however, w e  f i n d  t h a t  its a p p l i c a -  
b i l i t y  is more l i m i t e d .  The numSer of i o n s  t h a t  can be s t o r e d  is 
t y p i c a l l y  r a t h e r  small  ( d e n s i t i e s  $1 06/cm3, t r a p  volume 51 0 cm3) and 
t h e r e f o r e  t h e  s i g n a l  t o  n o i s e  r a t i o  i n  many experiments  is r a t h e r  
s m a l l .  T h i s  problem is compounded i f  t h e  ion p o p u l a t i o n  is d i s t r i b -  
u t e d  over many s t a t e s  a s  i n  t h e  c a s e  of molecules ,  b u t  i n  s p i t e  of 
t h e s e  d i f f i c u l t i e s ,  t rapped molecular  ion s p e c t r a  have been obta ined  
by l a s e r  induced f luorescence3 .  The low d e n s i t i e s  of  course  y i e l d  
t h e  m a i n  advantage of t h e  technique - t h a t  i s ,  t h e  p e r t u r b a t i o n s  on 
t h e  ions’  i n t e r n a l  s t r u c t u r e  (due t o  ion-ion c o l l i s i o n s  f o r  example) 
a r e  extremely small. This coupled w i t h  long s t o r a g e  t imes and meth- 
ods  f o r  o b t a i n i n g  cold s a w l e s  can lead t o  very high r e s o l u t i o n  and 
accuracy.  

and measurements of  m l e c u l a r  s p e c t r a 3 .  More comprehensive 

11. TRAPPING 

The b a s i c  me thods  of  t r a p p i n g  have been d iscussed  i n  t h e  v a r i o u s  
reviews r e f e r r e d  t o  i n  t h e  i n t r o d u c t i o n .  ?he Paul  ( o r  r f )  t r a p  is 
t h e  most popular  method; both i t  and t h e  Penning t r a p  can provide  
very long t r a p p i n g  times ( >  h o u r s ) .  Tile Kingdon t r a p  is f i n d i n g  
increased  use  ( p a r t i a l l y  because 0: i t s  s i m p l i c i t y )  b u t  t h e  
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m a g n e t o s t a t i c  t r a p  or m a g n e t i c  b o t t l e  h a s  n o t  b e e n  u s e d  v e r y  much i n  
s p e c t r o s c o p y  b e c a u s e  of t h e  inhomogeneous  f i e l d s  r e q u i r e d  f o r  t r a p -  
p i n g .  C o m b i n a t i o n s  of t h e  a b o v e  t r a p s  h a v e  b e e n  s t u d i e d  b u t  n o t  
e x t e n s i v e l y  u s e d .  A summary of t r a p  methods  h a s  b e e n  g i v e n  i n  a 
r e c e n t  r e v i e w 3  a n d  i n  o t h e r  p a p e r s  i n  these p r o c e e d i n g s .  
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111. STATE PREPARATION AND DETECTION 

O p t i c a l  Pumping/Double R e s o n a n c e  

I n  t h e  p a s t  s e v e r a l  y e a r s  t h e  d o m i n a n t  method of s t a t e  s e l e c t i o n  vie a n d  d e t e c t i o n  of s t o r e d  atomic i o n s  h a s  b e e n  v i a  o p t i c a l  means.  
c o n v e n t i o n a l  o p t i c a l  pumping a n d  d e t e c t i o n  w i t h  lamps17 a n d  l asers  
h a s  b e e n  u s e d  fo r  e x a m p l e  t o  measure h y p e r f i n e  s p e c t r a l 9 .  
t i o n ,  some n o v e l  o p t i c a l  pumping a n d  d e t e c t i o n  e f f e c t s  h a v e  b e e n  
r e a l i z e d  u s i n g  lasers w i t h  t r a p p e d  i o n s ;  we i l l u s t r a t e  t h i s  w i t h  a 
few e x a m p l e s .  

I n  F i g .  1 ,  we show t h e  32S1, a n d  32P3/? l e v e l  s t r u c t u r e  of 
24Mg+ i o n s  i n  a m a g n e t i c  f i e l d .  ?f a laser is t u n e d  t o  t h e  ( - 1 / 2 )  * 
( - 3 1 2 )  t r a n s i t i o n  ( n u m b e r s  i n  p a r e n t h e s e s  refer t o  t h e  g r o u n d  32S,/2 
a n d  e x c i t e d  32P /2  v a l u e s  o f  MJ r e s p e c t i v e l y )  t h e n  we n o t e  t h a t  i o n s  
must  d e c a y  t o  d e  MJ - -112 g r o u n d  l e v e l  b e c a u s e  of t h e  s e l e c t i o n  
r u l e  AMJ - 0 , t l .  A t  f i r s t ,  o n e  m i g h t  t h i n k  t h a t  a f t e r  many p h o t o n  
s c a t t e r i n g  e v e n t s  t h e  i o n s  are g r a d u a l l y  pumped from the  MJ - - 1 / 2  t o  
MJ = + 1 / 2  g r o u n d  s t a t e  l e v e l  b e c a u s e  of e x c i t a t i o n  i n  t h e  w i n g s  o f  

I n  a d d i -  

I t  
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MICROWAVE FREDUENCT ( M k )  

F i g .  1 .  M i c r o w a v e / o p t i c a l  d o u b l e  r e s o n a n c e  s p e c t r u m  of 24Mg+. I n s e t  
shows r e l e v a n t  e n e r g y  l e v e l s  o f  24Mg* i n  a m a g n e t i c  f i e l d .  W i t h  t h e  
laser  t u n  d t o  t h e  t r a n s i t i o n  shown, 1 6 / 1 7  o f  t h e  i o n s  are  pumped 
i n t o  the  1S,/2 ( M J  = -1 /2 )  g r o u n d  s t a t e  a n d  a q u a  i two l e v e l  s y s t e m  
is formed w i t h  t h i s  g r o u n d  s t a t e  and  t h e  e x c i t e d  'P / 2  (MJ - - 3 1 2 )  
s t a t e .  When i n c i d e n t  m i c r o w a v e s  are t u n e d  t o  t h e  (AJ - - 1 / 2 )  e (MJ - 
+1/2)  g r o u n d  s t a t e  Zeeman t r a n s i t i o n ,  t h e s e  l e v e l s  are  n e a r l y  e q u a l l y  
p o p u l a t e d  which  c a u s e s  a decrease i n  f l u o r e s c e n c e  s c a t t e r i n g  from t h e  
i c n s .  T r a n s i t i o n s  i n  o ther  i o n s  c a n  be de tec ted  i n  a s imi l a r  way. 
(Frum r e f .  2 0 ) .  
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o t h e r  allowed t r a n s i t i o n s  (Assume t h e  l a s e r  is l i n e a r l y  p o l a r i z e d  
perpendicular  to  t h e  magnetic f i e l d  s o  t h a t  only AM - t 1  t r a n s i t i o n s  
a r e  a l lowed) .  I n  f a c t  j u s t  t h e  o p p o s i t e  o c c u r s .  Afthough e x c i t a t i o n  
i n  t h e  wings of t h e  (-112) + ( + 1 / 2 )  t r a n s i t i o n  pumps i o n s  o u t  of t h e  
( -1 /2)  ground s t a t e ,  e x c i t a t i o n  i n  t h e  wings of  t h e  ( + 1 / 2 )  .. ( - 1 / 2 )  
t r a n s i t i o n  a l s o  occurs  which tends  t o  pump ions  from t h e  ( + 1 / 2 )  t o  
( -1 /2)  ground s t a t e .  S i n c e  t h i s  l a t t e r  t r a n s i t i o n  is f o u r  t imes 
c l o s e r  i n  frequency t o  t h e  l a s e r  than t h e  former one,  t h e  n e t  r e s u l t  
is t h a t  about  16/17 of t h e  popula t ion  is pumped i n t o  t h e  (-1/2)  
ground s t a t e . 2 0  T h i s  pumping is very weak,  b u t  because of  t h e  v e r y  
long r e l a x a t i o n  t imes of  t h e  ions  i n  t h e  t r a p  i t  can be very 
e f f i c i e n t .  S i m i l a r  o p t i c a l  pumping can a l s o  be observed when 
hyper f ine  s t r u c t u r e  is p r e s e n t ;  f o r  example2l. i n  t h e  c a s e  of 25Mg+ 
and 9Be+. Novel hyper f ine  pumping e f f e c t s  have a l s o  been observed22 
i n  t h e  e x c i t e d  3S1 s t a t e s  of L i + .  T h i s  kind of pumping is f a r  from 
u n i v e r s a l .  For example "depopulat ion" pumppgg+occurs i f  one e x c i t e s  
any o f  t h e  3%,,, + 32P1/2 t r a n s i t i o n s  i n  
is perhaps more t y p i c a l ,  one must  r e d i s t r i b u t e  or m i x  t h e  ground 
s t a t e  popula t ion  i n  o r d e r  t o  see  a d d i t i o n a l  s c a t t e r i n g  from t h e  l a -  
ser. In t h i s  i n s t a n c e  one of t h e  advantages of t h e  t r a p s  f o r  high 
r e s o l u t i o n  spectroscopy (weak r e l a x a t i o n )  becomes a d isadvantage  i n  
terms of observa t ion .  S o l u t i o n s  t o  t h i s  problem a r e :  1 )  p rovide  a 
b u f f e r  g a s  f o r  r e l a x a t i o n .  For example, Ruster  e t  a1.21, observed 
f l u o r e s c e n c e  from s i n g l e  Ba+ i o n s  i n  an rf t r a p  by r e l a x i n g  the  ions  
a g a i n s t  an H2 b u f f e r  g a s .  
m e t a s t a b l e )  s t a t e s  is n o t  t o o  l a r g e ,  a r t i f i c i a l  r e l a x a t i o n  can be 
provided by a u x i l i a r y  microwave or l a s e r  r a d i a t i o n .  

This  kind o f  pumping d e s c r i b e d  above is important  f o r  l a s e r  
cool ing  and a l s o  e s t a b l i s h e s  a popula t ion  imbalance necessary  t o  
observe o t h e r  i n t e r n a l  t r a n s i t i o n s  i n  t h e  ions .  
above, i f  t h e  s c a t t e r e d  f l u o r e s c e n c e  l i g h t  from t h e  ions  is moni- 
t o r e d ,  t h e  (MJ - -1/2)  t o  ( M J  - + 112)  ground s t a t e  Zeeman t r a n s i t i o n  
(induced by microdave r a d i a t i o n )  can be d e t e c t e d  by observ ing  t h e  
decrease  i n  f l u o r e s c e n c e  a s  t h e  microwave o s c i l l a t o r  is swept through 
resonance.  ( F i g .  1 )  An i n t e r e s t i n g  f e a t u r e  of t h i s  o p t i c a l  pumping, 
double resonance d e t e c t i o n  scheme is t h a t  each microwave photon ab- 
sorbed causes  a change of  about  AN* = 24B(-1/2.-3/2)/17B(-1/2,+1/2) 
i n  t h e  number of s c a t t e r e d  photons where B(MJ,HJO is t h e  t r a n s i t i o n  
r a t e  from t h e  MJ ground s t a t e  t o  t h e  M J t  e x c i t e d  s t a t e . 2 0  
i o n s  i n  a magnetic f i e l d  of about  1 T, AN* can be  as  h i g h  as  2 x l o 6 .  
This technique h a s  sometimes been r e f e r r e d  t o  a s  " e l e c t r o n  she lv ing"  
because t h e  i o n ' s  e l e c t r o n  is t emporar i ly  "shelved" i n  a s t a t e  from 
which t h e  l a s e r  s c a t t e r i n g  is e s s e n t i a l l y  a b s e n t . 7  I t  has  been used 
i n  a l l  t h e  o p t i c a l  pumping double resonance experiments  on Mg+ and 
Be+ i o n s  s t o r e d  i n  Penning t r a p s .  Not only is t h e  d e t e c t i o n  s e n s i -  
t i v i t y  increased  by t h i s  photon number a m p l i f i c a t i c n  e f f e c t  b u t  a l s o  
by t h e  photon energy upconversion.  Perhaps noteworthy is t h e  case  of 
d e t e c t i n g  absorbed 303 MHz photons i n  Be+ hyper f ine  t r a n s i t i o n s  (see 
b e l  w )  where an energy m!ancement f a c t o r  of  AN*A(303 MHz)/X(laser) > 
10" is  obta ined .  These impressive numbers a r e  of  course nor r e a l i z e d  
i n  p r a c t i c e  s i n c e  f l u o r e s c e n c e  c o l l e c t i o n  e f f i c i e n c i e s  a r e  t y p i c a l l y  
s i g n i f i c a n t l y  l e s s  than 100%. However, a more important  s ta tement  is 
t h a t  i f  ( t h e  absence o f )  enough s c a t t e r e d  photons per  ion ( t y p i c a l l y  
2 2 )  a r e  observed before  repumping takes  p l a c e ,  then t h e  s i g n a l  t o  
n o i s e  r a t i o  i n  such  experiments  need only be l i m i t e d  by t h e  s t a t i s t i -  

. I n  t h i s  c a s e ,  which 

( 2 )  If t h e  number of  ground (and 

In  t h e  Mg+ example 

For Mg+ 
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cal  f l u c t u a t i o n s  i n  t h e  number of ions t h a t  make  t he  t r a n s i t i o n 2 4 .  
This  is t h e  maximum s i g n a l  t o  n o i s e  r a t i o  p o s s i b l e .  

Because of t h e  extremely high d e t e c t i o n  s e n s i t i v i t y  i n  such 
quasi-two l e v e l  s y s t e m s ,  t h e  a b i l i t y  t o  detect  very smal l  numbers o f  
i o n s  exis s n f a c t  s i n g l e  ions  have been d e t e c t e d  by s e v e r a l  
groups 2 3 9 2 5 i 2 Q ,  T h i s  is perhaps not so s u r p r i s i n g  i f  we c o n s i d e r  f o r  
example a Mg+ ion  which is cooled down (see below) t o  where t h e  
Doppler broadening is smaller than t h e  n a t u r a l  width and is l o c a l i z e d  
t o  say  less than a few UG: i n  t h e  t r a p .  In  t h i s  c a s e ,  a 0.05 V W  laser 
beam ( A  280 nm) focused t o  a beam w a i s t  w0 - 5 vm can scat ter  a b o u t  
I O 7  photons/s  - a n  e a s i l y  d e t e c t a b l e  s i g n a l  even with modest 
c o l l e c t i o n  e f f i c i e n c y .  

developed f o r  t rapped n e g a t i v e  i o n s  28-31 : here a popula t ion  imbalance 
i n  Zeeman s u b s t a t e s  has  been c r e a t e d  us ing  p o l a r i z a t i o n  dependent 
photodetachment. I n  t h e s e  experiments ,  changes i n  t rapped  ion number 
were detected by d r i v i n g  t h e  ion motions and d e t e c t i n g  t h e  induced 
c u r r e n t s .  T h i s  method of  s t a t e  se1e:tion and d e t e c t i o n  is s i m i l a r  t o  
t h a t  u s e d  i n  p a s t  experiments  Fn H2 
p h o t o d l s s o c i a t l o n  was employed . 
Cooling 

f i r s t  d e m ~ n s t r a t e d ~ " ~ ~  i n  1978 ( s e e  a l s o  r e f s .  27 and 3 6 ) .  I t  h a s  
become a key element i n  experiments  whose g o a l  is high  r e s o l u t i o n  
spectroscopy because both f i r s t  and second o r d e r  Doppler e f f e c t s  a r e  
suppressed .  Frequency s h i f t s  i n  s p e c t r a  due t o  t h e  second o r d e r  
Doppler e f f e c t  (time d i l a t i o n  of  t h e  ions  which a r e  moving w i t h  
r e s p e c t  t o  the  l a b )  have h i s t o r i c a l l y  been t h e  main l i m i t a t i o n  t o  
o b t a i n i n g  high accuracy because of  the r e l a t i v e l y  h igh  tempera tures  
of  t h e  i o n s  i n  t h e  t r a p  - up t o  about  1 eV f o r  ions  i n  an rf t r a p .  A 
k i n e t i c  energy of 1 eV f o r  i o n s  w i t h  mass M = 50 u (atomic mass 
u n i t s l l y i e 1 d s  a f r a c t i o n a l  second order  Doppler f requency s h i f t  o f  2 
x 10- . The k i n e t i c  energy of  t h e  ions  can be  determined by 
observ ing  f i r s t  o der Doppler e f f e c t  genera ted  s idebands  i n  microwave 
s p e c t r a l   line^^^-'^. I t  ca be redu ed-by cool ing  the  ions  w i t h  a 
l i g h t  b u f f e r  g a s  such a s  HeC*517*23*E3-'1. W i t h  t h  se echniques ,  
a c c u r a c i e s  near  one p a r t  i n  1 0 l 3  should be obta ined  
hopes t o  o b t a i n  an accuracy  s i g n i f i c a n t l y  be t te r  han t h e  b e s t  
e x i s t i n g  frequency s t a n d a r d s  ( a few p a r t s  i n  10'' f o r  cesium beams) 
laser c o o l i n g  may be necessary .  

easi ly  compared t o  t h e o r y )  have been obta ined  us ing  s i n g l e  i o n s .  
T h i s  is because f o r  many t rapped ions ,  r f  h e a t i n g  i n  Paul  t r a p s  ( d u e  
t o  t h e  d r i v e n  motion) and t h e  k i n e t i c  energy i n  t h e  magnetron motion 
f o r  Penning t r a p s  g i v e s  r i se  t o  h igher  e f f e c t i v e  tempera tures .  I n  
t h e  f i r s t  s i n g l e  ion exper iments ,  done a t  Heidelberg on Ba* i o n s ,  
photographs were made of t h e  t rapped ion25. i h e  s i z e  of  t h e  image 
determined the e x t e n t  of t h e  ion  motion; t h e r e f o r e  the  temperature  i n  
t h e  p s e u d o p o t e n t i a l  well was measured t o  be between 10 and 36 mK. 
The ' i n  t i c  energy i n  t h e  d r i v e n  motion w i l l  b e  approxi  a t e l y  t h e  

Laser  c o o l i n g  of s i n g l e  Hg* i o n s  i n  Penning2' and rf27 
t r a p s  has  a l s o  been accomplish d. The lowest  tempera tures  measured 
are  t h o s e  of the  S e a t t l e  groupz7 where t h e  tempera ture  f o r  a t  least  

Recent ly ,  another  i n t e r e s t i n g  o t i c a l  pumping scheme h a s  been 

where p o l a r i z a t i o n  dependent 

The technique  f r a d i a t i o n  pressure3* or sideband33 cool ing  was 

b u t  i f  one 

The  b e s t  exper imenta l  r e s u l t s  on l a s e r  cool ing  (and t h o s e  most 
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two d i r e c t i o n s  of t h e  pseudopotent ia l  motion was determined t o  be 
less than  20 mK ( F i g .  5 ) .  (Cooling i n  a l l  d i r e c t i o n s  will be 
S t r a l g h t f O r W a r d ) .  I n  bo th  of t h e  magnesium experiment- ,  t h e  ternpera- 
t u r e  was determined from t h e  observed Doppler broadening on o p t i c a l  
t r a n s i t i o n s .  For tempera tures  below about  0.1 K t h i s  Doppler 
broadening c o n t r i b u t e s  only a smal l  p a r t  of t h e  t o t a l  l i n e w i d t h  which 
is now p r i m a r i l y  d u e  t o  r a d i a t i v e  decay. Therefore ,  very low 
temperature  becomes d i f f i c u l t  t o  measure. In  t h e  f u t u r e  t h i s  problem 
can be circumvented by measuring t h e  f i r s t  o r d e r  Doppler e f f e c t  
generated s idebands  i n  o p t i c a l  s p e c t r a  as  was done fo r  microwave 
s p e c t r a  above. I n  any c a s e ,  f o r  Mg+ i o n s  cooled o 20 mK, t h e  second 
order  Doppler e f f e c t  is only about  2 p a r t s  i n  IO1'! 

The theory  of l a s e r  cool ing  of  t rapped i o n s  has  been e l a b o r  
f o r  a l a r g e  number of c a s e s ,  s t a r t i n g  w i t h  t h e  o r i g i n a l  proposa l  
which introduced t h e  n o p t i c a l  s ideband" p i c t u r e .  C a l c u l a t i o n s  based 
on t h i s  p i c t u r e  are included i n  r e f s .  25,  35,  and 53. T h e  fundamen- 
t a l  p rocess  is t h e  a b s o r p t i o n  of  a photon with frequency less than  
t h a t  of an o p t f c a l  t r a n s i t i o n ,  followed by t h e  emission of a photon 
whose f requency ,  on  t h e  average ,  is about  equal  t o  t h e  t r a n s i t i o n  
frequency,  t h e  d e f i c i t  coming o u t  of  t h e  k i n e t i c  energy of t h e  ion.  
Some of  t h e  more r e c e n t  genera l  d i s c u s s i o n s  of  t h e  s t a t e  of  t h e  
theory  a r e  g iven  by J a ~ a n a i n e n ~ ~  and S t e n h ~ l m ~ ~ .  
t h e o r e t i c a l  s i m p l i c i t y .  t h e  i o n s  are u s u a l l y  cons idered  t o  be  
two-level  systems confined by harmonic p o t e n t i a l s ,  and i n t e r a c t i o n s  
between ions  a r e  g e n e r a l l y  ignored.  This  s i t u a t i o n  cor responds  
f a i r l y  c l o s e l y  t o  t h e  experiments  c a r r i e d  o u t  w i t h  a s i n g l e  ion i n  an 
r f  t r a p .  

Of p a r t i c u l a r  i n t e r e s t  from an experimental  p o i n t  of view is t h e  
Lamb-Dicke regime G: l i m i t ,  which corresponds t o  t h e  ion being 
confined t o  dimensions much l e s s  than an o p t i c a l  wavelength. In  t h i s  
l i m i t ,  t h e  broadening of  t h e  o p t i c a l  t r a n s i t i o n  due t o  t h e  
f i r s t - o r d e r  Doppler e f f  t d i s a p p e a r s .  

p e r a t u r e s  us ing  p e r t u r b a t i o n  theory  and r a t e  e q u a t i o n s .  They 
cons idered  t h e  l i m i t i n g  c a s e s  of t h e  t r a p  o s c i l l a t i o n  frequency being 
m c h  g r e a t e r  than or much less than t h e  n a t u r a l  l i n e w i d t h  ( Y )  of t h e  
o p t i c a l  t r a n s i t i o n ,  c a l l i n g  them t h e  n s t r o n g  b inding"  and "weak 
binding" c a s e s ,  r e s p e c t i v e l y .  Experiments ,  so  f a r ,  correspond t o  t h e  
weak b inding  c a s e .  In  t h i s  l i m i t ,  t h e  minimum temperature  is on t h e  

8 6  
order  o f n Y I 2 k  . They a l s o  t r e a t e d  l a s e r  cool ing  i n  a Penning t r a  
f o r  t h e  weak bflnding c a s e  and compared t h e  r e s u l t s  with experiment  . 
A l l  of t h e s e  c a l c  l a t i o n s  were l i m i t e d  t o  low l a s e r  i n t e n s i t i e s .  

Andre e t  c a l c u l a t e d  numerical ly  the  e q u l l i b r i  m energy 
d i s t r i b u t i o n s  f o r  t h e  weak b inding  case .  
k i n e t i c  energy due t o  t h e  micromotion i n  an rf  t r a p  was inc luded ,  
using a s e m i c l a s s i c a l  method. 

I n  a g y & s  of p a p e r s ,  Javanalnen and S t e n h o l r r ~ ~ ' - ~ ~  and 
Javanainen - have used quantum s t a t i s t i c a l  methods t o  s t u d y  
v a r i o u s  l i m i t i n g  c a s e s .  The Fokker-Planck equat ion  f o r  t h e  'rligner 
f u n c t i o n  was solved i n  t h e  "heavy p a r t i c l e n  l i m i t ,  whf h cor responds  
roughly t o  t h e  we k bfnding c a s e ,  f o r  one-dimensional" and 
three-dimensionalg2 t r a p s .  The " f a s t  p a r t i c l e "  l i m i t ,  which 
corresponds t o  high e x c i t a t i o n  of the  i o n i c  motion, was t r e a t e d  by 
s o l v i n g  a Fokker-Planck equat ion i n  t h e  n (harmonic o s c i l l a t o r  
quantum number) r e p r e s e n t a t i o n ,  f o r  both t h e  s t r o n g  b inding  and weak 

For reasons  of  

Wineland and I t a n o f $  c a l c u l a t e d  cool ing  r a t e s  and l l m l  t l n g  tem- 

In  l a t e r  work5', t h e  
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b i n d i n g  cases6'. 
coup led  ra te  e q u a t i o n s  for  t h e 6 p o p u l a t i o n s ,  f o r  b o t h  the  s t r o n g  
b i n d i n g  and weak b i n d i n g  case . R e c e n t l y ,  res  ts have  been 
o b t a i n e d  f o r  t h e  s t e a d y  s ta teg5 and t h e  dynamicsgb. w h i c h  are  e x a c t  
i n  t h e  Lamb-Dicke l i m i t .  These r e s u l t s  e x t e n d  and c o r r e c t  t h e  
ear l ier  work. 

The Lamb-Dicke l i m i t  was t r e a t e d  by s o l v i n g  t h e  

Laser S o u r c e s  

A t roub le some  o b s t a c l e  t h a t  is g e n e r a l l y  e n c o u n t e r e d  i n  o p t i c a l  
s t u d i e s  of atomic i o n s  is t h e  r a d i a t i o n  s o u r c e .  This is b e c a u s e  t h e  
wave leng th  of t h e  r e q u i s i t e  r a d i a t i o n  f r e q u e n t l y  l i e s  i n  t h e  
u l t r a v i o l e t  ( W ) .  While r e l i a b l e  cont inuous-wave (cw) lasers a r e  
r e a d i l y  a v a i l a b l e  t h r o u g h o u t  t h e  v i s i b l e .  t h e r e  are b u t  a few cw 
lasers i n  t h e  U.V.  r e g i o n .  P r e s e n t l y ,  most of the narrowband cw UV 
s o u r c e s  are g e n e r a t e d  by some n o n l i n e a r  p r o c e s s  t h a t  r e q u i r e s  h i g h  
powers a t  t h e  lundamen ta l  w a v e l e n g t h ( s )  i n  o r d e r  t o  r e a c h  u s e f u l  
l e v e l s  o f  UV power. And so i t  is o n l y  w i t h  t h e  development  of h i g h  
power t u n a b l e  dye lasers and power enhancement c a v i t i e s  t h a t  
narrowband and t u n a b l e  UV s o u r c e s  w i t h  u s e a b l e  powers  are p o s s i b l e 6 7 .  
F o r t u n a t e l y ,  v e r y  l i t t l e  power is r e q u i r e d  t o  r a d i a t i v e l y  c o o l  i o n s  
t h a t  are c o n f i n e d  i n  e l e c t r o m a g n e t i c  t r a p s  a t  h i g h  vacuum; u s u a l l y  n o  
more t h a n  s e v e r a l  microwatts. 

is by the i n t e r a c t i o n  o f  h i g h  power laser r a d i a t i o n  w i t h  a n  o p t i c a l l y  
t r a n s p a r e n t  material p r e s e n t i n g  a n o n - l i n e a r  r e s p o n s e .  The two 
dominant  methods are second harmonic g e n e r a t i o n  (SHC), which is t h e  
d o u b l i n g  of laser r a d i a t i o n ,  and sum f r e q u e n c y  mixing (SFM), which is 
t h e  g e n e r a t i o n  o f  a h i g h e r  f r e q u e n c y  s o u r c e  by t h e  mix ing  of t h e  
o u t p u t s  of two lower f r e q u e n c y  lasers7'. 
c o n d i t i o n  

A t  p r e s e n t  the  most p rominen t  method o f  g e n e r a t i n g  UV r a d i a t i o n  

The p h a s e  ma tch ing  

must be  met i n  o r d e r  to e f f i c i e n t l y  p roduce  r a d i a t i o n  a t  w3 by mixing 
l asers  a t  f r e q u e n c i e s  w, and w2 
i ndex  of t h e  n o n l i n e a r  medium fo;?he f r equency  wi .  Fo r  s econd  
harmonic g e n e r a t i o n ,  w, - 9 and t h e  phase  ma tch ing  c o n d i t i o n  r e d u c e s  
t o  n(w) - n(2w).  S i n c e  a l l  o p t i c a l  materials have s p e c t r a l  d i s p e r -  
s i o n ,  p r o p e r l y  o r i e n t e d  u n i a x i a l  o r  b i a x i a l  c r y s t a l s  are r e q u i r e d  t o  
s a t i s f y  t h e  p h a s e  matched c o n d i t i o n  t o  g i v e  e f f i c i e n t  mixing.  I n  
e x p e r i m e n t s  on t h e  i o n s  Mg+ and Be*, t u n a b l e  UV r a d i a t i o n  has been 
g e n e r a t e d  n e a r  t h e  f i rs t  r e s o n a n c e  1 - i n e s  ( 2 8 0  nm & 313 nm r e s p e c -  
t i v e l y )  by SHC i n  KDP isomorphs (AD*P & RDP r e s p e c t i v e l y ) .  T h e s e  
c r y s t a l s  were t e m p e r a t u r e  tuned  t o  phase  match t h e  UV and  fundamen ta l  
i n d i c e s  ( 9 0 °  pha e ma tched) .  I n  bo th  cases t h e  c o n v e r s i o n  e f f i c i e n c y  
exceeded  5 x lo-' W- l  so  t h a t  t e n s  o f  microwatts of W r a d i a t i o n  
c o u l d  be o b t a i n e d  by s i n g l e - p a s s i n g  t h e  l i g h t  from t h e  t u n a b l e  dye  
laser t h r o u g h  t h e  c r y s t a l .  For  r a d i a t i o n  p r e s s u r e  c o o l i n g  and 
o p t i c a l  pumping o f  t ra  ped mercu r3  i o n s ,  narrowband and t u n a b l e  
r a d i a t i o n  n e a r  t h e  6 s  P1,2 f i r s t  r e s o n a n c e  l i n e  a t  194 nm 
is r e q u i r e d .  One method f o r  p r o d u c i n g  cw r a d i a t i o n  a t  194 nm is by 
SFM i n  a p o t a s s i u m  p e n t a b o r a t e  (KB5) c r y s t a l ,  t h e  257 nm second  
harmonic of t h e  o u t p u t  of a cw 515 nm a r g o n - i o  laser w i t h  the o u t p u t  
o f  a t u n a b l e  cw d y e  laser i n  t h e  792 nm reg iong8  ( F i g .  2 ) .  The 257 

- w 1 + 9 ) .  n i  is t h e  r e f r a c t i v e  
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nm second harmonic is genera ted  i n  a ADP c r y s t a l  t h a t  is placed i n  an 
e x t e r n a l  r ng c a v i t y  which is held i n  resonance a t  the  fundamental 
frequency 64 . To amplify the 194 nm power, t h e  KB5 c r y s t a l  is placed 
i n t o  two l n t e r s e c t l n g  power enhancement c a v i t i e s .  One of  t h e s e  
c a v i t i e s  i n c r e a s e s  by 15 the  c i r c u l a t i n g  792 nm power and t h e  second 
c a v i t y  i n c r e a s e s  by 7 t h e  257 nm power. By t h i s  method 8-10 
microwatts of tunable  cw 194 nm power has  been genera ted .  Thema1 
lens ing  caused by h e a t i n g  in  t h e  KB5 c r y s t a l  due t o  a b s o r p t i o n  of 
l i g h t  t 792 nm is t h e  p r e s e n t  l i m i t  t o  ach iev ing  h igher  powers a t  
194 nm 30 . 
Sympatb t i c  Cooling 

So f a r ,  o p t i c a l  pumping and l a s e r  cool ing  have been achieved on 
only a few d i f f e r e n t  i o n s .  Laser cool ing  could be extended t o  
c e r t a i n  o t h e r  i o n s  b u t  i n  p r a c t i c e  t h i s  may be d i f f i c u l t  t o  
accomplish because of t h e  r e q u i r e d  l a s e r  wavelengths o r  " t rapping"  i n  
metas tab le  s t a t e s .  Ions  which are d i f f i c u l t  t o  cool  d i r e c t l y  can b e  

c o l l i s i o n a l  coupl ing with 0 t h  r s t o r e d  ions  which a r e  easy 
C 0 0 ~ ~ ~ 1 3 ' .  T h i s  has  been demonstrated7' i n  experiments  on Mg+ where 
"Mg' was 1 s e r  cooled and by c o l l i s i o n s  "sympathet ical ly '1  cooled 
25Mg+ and 2'Mg+. (We n o t e  t h a t  i n  sub equent  experiments  a t  NBS, i t  
was p o s s i b l e  t o  sympathe t ica l ly  cool  2'Mg* by laser cool ing  25Mg+; 
t h i s  r e s u l t  is more f i n i t i v e  because t h e  l a s e r  was tuned t o  t h e  
h e a t i n g  s ide  of  t h e  "Mg+ t r a n s i t i o n . )  For i o n s  i n  a Penning t r a p ,  
l i g h t e r  ions  should be h e l d  n a r  t h e  c e n t e r  of t h e  t r ap  by h e a v i e r  
ions  which are l a s e r  cooled '$. Q u a l i t a t i v e l y ,  t h i s  should occur  
because t h e  magnetron frequency is s l i g h t l y  h igher  f o r  heavy mass i 

194 nm 
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ions ;  t h i s  causes  a f r i c t i o n  force on t h e  1 hter i o n s  which should  
push them towards t h e  c e n t e r  of t h e  t r a p  56s!9. A t  low tempera tures ,  
t h e  s e p a r a t i o n  between s p e c i e s  should b n e a r l y  ~ o m p 1 e t . e ~ ~ .  A s  a n  
example, spectroscopy could b e  done on 'Be* i o n s  which are  held a t  
the e n t e r  of  t h e  t r a p  and sympathe t ica l ly  cooled by an outer annulus  
of 2EMg* i o n s  which are laser cooled.  The cool ing  1 ser could be  
a p p l i e d  so t h a t  i t  would not s a t i a l l y  o v e r l a p  the  8Be* i o n s  and 
t h e r e f o r e  l i g h t  s h i f t s  on t h e  'Be+ energy l e v e l s  ccpld  be avoided. 
I n  t h i s  way, extremely narrow l i n e w i d t h s  ( < <  1 mHz) and h igh  accuracy  
s p e c t r a  on B e +  (or o t h e r  ions)  might be obta ined .  
t r a p ,  sympathet ic  cool ing  may be l i m i t e d  by r f  h e a t i n g .  

For i o n s  i n  a n  r f  

I V .  rf AND OPTICAL SPECTRA 

Radiofrequency S p e c t r a  

The ion s t o r a g e  method is capable  i n  p r i n c i p l e  of a c h i e v i n g  
extremely narrow resonance l i n e w i d t h s  on e i ther  rf or o p t i c a l  
t r a n s i t i o n s .  I t  is much easier exper imenta l ly  t o  observe  narrow 
l i n e s  on rf t r a n s i t i o n s  because t h e  n a t u r a l  l i n e w i d t h s  are n e g l i g i b l e  
and because s table ,  tunable  o s c i l l a t o r s  are r e a d i l y  a v a i l a b l e .  
Sub-hertz  l i n e w i d t h s  on hyper f ine  t r a n s i t i o n s  have been observed on 
s e v e r a l  d i f f e r e n t  atomic ions.  

s t a t e s  o f  3He* h a s  been reviewed previously5*'. 'Recent work  on the  
de termina t ion  o f  ground s ta te  hyper f ine  s t r u c t u r e  s e p a r a t i o n s  by 
microwave-o ical  double resonance is reviewed elsewhere i n  t h e s e  

ions and t o  the high-accuracy work a t  the  Nat iona l  Bureau of  
S tandards  (NBS) on laser cooled ions.  

Microwave s p e c t r a  of  n e g a t i v e  atomic i o n s  have been obta ined  i n  
a s e r i e s  o f  experiments  by Larson and coworkers. These experiments  
were c a r r i e d  o u t  w i t h  Penning t r a p s  i n  magnetic f i e l d s  o f  about  1 T .  
S t a t e  p r e p a r a t i o n  and d e t e c t i o n  were c a r r i e d  out by u t i l i z i n g  the 
p o l a r i z a t i o n  dependence of t h e  photodetachment c r o s s  s e c t i o n .  
Microwave 3 $ a p i t i o n  between Zeeman 
s t a t e s  o f  
t r a n s i t i o n s  were from M j  = +1/2 to  M - - 3 1 2 .  
p e r t u r b a t i o n  by t h e  2 P , / 2  s t a t e .  
f r e q u e n c i e s  y i e l d s  t h e  atomic g f a c t o r ,  whi le  t h e  frequency 
s p l i t t i n g  y i e l d s  a n  i n d i r e c t  vafue  f o r  t h e  f i n e  s t r u c t u r e  s e p a r a t i o n .  
The magnetic f i e l d  was c a l i b r a t e d  by d e t e c t i n g  t h e  c y c l o t r o n  
resonance o f  e l e c t r o n s  i n  t h e  same t r a p .  The accuracy  obta ined  f o r  
t h e  gJ f a c t o r s  was s u f f i c i e n t  t o  show t h e  d e v i a t i o n s  from t h e  Land6 
va lue  a f t e r  c o r r e c t i o n  f o r  t h e  anomalous moment of  t h e  e l e c t r o n .  I n  
f u r t h e r  s t u d i e s ,  d i f f e r  n t  MI component 

d i p o l e  and quadrupole  hyp2;fine parameters  were determined from t h e  
frequency s p l i  t t  ings .  

E a r l y  work on t h e  hyper f ine  s t r u c t u r e s  o H and the  1s  and 2s 

Proceedings 86 . We res t r i c t  our  d i s c u s s i o n  t o  s t u d i e s  o f  n e g a t i v e  

n e n t s  o f  t h e  ground 'P3/? 
S and lg0-  were observed 's38 (F ig .  3 ) .  The observab e - +3/2 and from MJ = -1 /2 t o  M j  

The two t r a n s i t i o n  f r e q u e n c i e s  are s e p a r a t e d  due t o  t h e  
The average  of  t h e  two t r a n s i t i o n  

o f  the M j  - -3/ t o  M j  - 
-112 t r a n s i t i o n  i n  t h e  'P s t a t e  of  33 S- were observed 51  . The 
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Fig.  3. Microwav resonances between magnetic s u b l e v e l s  of  t h e  2P3/2  
ground s t a t e  of  3pS- a t  about  0.96 T .  (From r e f .  29) .  

The ground s t a t e  hyper f ine  c o n s t a n t s  ( A )  and 
n u c l e a r - t o - e l e c t r o n i c  g f a c t o r  r a t i o s  ( g I / g J )  of 25Mg+ and 9Be+ have 
been measured w i t h  h igh  accuracy i n  a s e r i e s  of  experiments  a t  NBS. 
I n  t h e s e  exper iments ,  t h e  ions  were s t o r e d  f o r  long p e r i o d s  ( h o u r s )  
i n  Penning t r a p s .  The i o n s  were o p t i c a l l y  pumped and laser cooled by 
l i g h t  from a frequency-doubled d y e  laser.  Radiofrequency t r a n s i t i o n s  
between ground-s ta te  h y p e r f i n e  Zeeman s u b l e v e l s  were d e t e c t e d  by a 
change i n  t h e  f l u o r e s c e n c e  i n t e n s i t y .  In  most c a s e s ,  t h e  resonances 
are broadened by magnetic f i e l d  i n s t a b i l i t i e s  and inhomogenei t ies .  
However, f o r  c e r t a i n  t r a n s i t i o n s ,  and a t  c e r t a i n  va lues  of  t h e  
magnetic f i e l d ,  t h e  f i r s t  d e r i v a t i v e s  of t h e  t r a n s i t i o n  f r e q u e n c i e s  
w i t h  r e s p e c t  t o  t h e  f i e l d  a r e  zero .  If the  magnetic f i e l d  is 
s u f f i c i e n t l y  c l o s e  t o  one of t h e s e  v a l u e s ,  a resonance can be 
observed w i t h  a l i n e w i d t h  l i m i t e d  only by t h e  f i n i t e  o b s e r v a t i o n  
time. 

( M I  - -1/2 , MJ - 112) t r a n s i t i o n  goes t o  zero  a t  a va lue  o f  t h e  
magnetic f i e l d  near  1.24 T .  Near t h i s  f i e l d ,  a resonance w i t h  a 
w i d t h  of 0.0t2 Hz and a c e n t e r  f requency of 291.996 251 8 9 9 ( 3 )  MHz 
was observedz1 ( F i g .  4). 
accuracy ,  because the  o t h e r  t r a n s i t i o n s  observed were 
f ie ld-dependent .  

even h igher  degree of accuracy7*. 
have been observed.  - 1/21 a t  about  0.82 T and (MI - 312, MJ - -1/2)  t o  ( M I  - 1 / 2 ,  MJ - 
-1/2) a t  about  0 .68 T .  The f i rs t  of t h e s e  h a s  been used a s  a 
r e f e r e n c e  f o r  a frequency s tandard .  The r e s u l t s  f o r  t h e  c o n s t a n t  
a r e  A - -625 008 837.048(4)  Hz a n C  gI /gJ  - 2.134 779 8 5 3 ( 1 )  x 10- . 
The accuracy of t h e s e  c o n s t a n t s  is  c u r r e n t l y  l i m i t e d  by t h e  
t h e o r e t i e d  u n c e r t a i n t y  of  the  diamagnet ic  s h i f t  of  the  h y p e r f i n e  
s t r u c t u r e .  The de termina t ion  of t h e  actual  v a l u e s  ( a s  opposed t o  t h e  

I n  25Mg+, t h e  f i r s t  d e r i v a t i v e  o f  t h e  (MI  = -3/2,  MJ - 1/21 t o  

A and gI /gJ  were determined with much less 

The resu l t s  are A - -596 254 376(54)  Hz and gI /gJ  - 
9.299 484(75)  10-5. 

S i m i l a r  spectroscopy has  been performed w i t h  %e+ i o n s  w i t h  an 
Two f i e l d - i n s e n s i t i v e  t r a n s i t i o n s  

They a r e  (HI - -3 /2 ,  MJ - 1 / 2 )  t o  ( M I  - -1 /2 ,  MJ 

fi 
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12 SPECTROSCOPY OF STORED ATOMIC IONS 

r a t i o s )  of t h e  g f a c t o r s  by measuring t h e  c y c l p t r o n  frequency of t h e  
ions  is discussed  i n  t h e  s e c t i o n  on mass spectroscopy.  

' 1.88 1.89 1.40 1.9 1.92 
I I I 1 I I 

RF Frequency - 291 996 250 ( HZ 1 
Fig 4 .  
i n  25Mg+ a t  about  1.24 T.  
use  of  t h e  Ramsey s e p a r a t e d  o s c i l l a t o r y  f i e l d  method, implemented by 
apply ing  two phase-coherent  rf p u l s e s  1.02 s long ,  s e p a r a t e d  by 41.4 
s. (From r e f .  21) .  

The  ( M I  - -312, MJ = 1 / 2 )  t o  ( M I  - -112, MJ - 1/21 resonance 
T h e  o s c i l l a t o r y  l i n e s h a p e  resul ts  from t h e  

The r e p e  t a b i l i t y  from run  t o  run o f  the frequency s t a n d a r d  
based on t h e  8 Be+ hyperf ine  t r a n s i t i o n  is l e s s  than 1 p a r t  i n  
P o s s i b l e  s o u r c e s  of s y s t e m a t i c  errors have been c a r e f u l l y  i n v e s t i -  
ga ted .  A t  p r e s e n t ,  t h e  l a r g e s t  source  o f  e r r o r  is t h e  second-order 
( r e l a t i v i s t i c  time d i l a t i o n )  s h i f t ,  e q u a l  t o  - (1 /2)<v2>/c2  While 
t h e  c o o l i n g  laser is on, t h i s  s h i f t  is only about  -3 x 
However, the l i g h t  and the s t a t e - p r e p a r a t i o n  microwaves must be s h u t  
o f f  wh i l e  t h e  r f  resonance is d r i v e n ,  i n  o r d e r  t o  prevent  resonance 
s h i f t s  and broadenings.  The i o n s  h e a t  up dur ing  t h i s  p e r i o d ,  which 
is  t y p i c a l l y  20 s. The average s h i f t  :s a b o u t  -3 x and can be  
c a l i b r a t e d  by o p t i c a l  Doppler w i d t h  measurements of  t h e  ion 
temperature .  The magnetic f i e l d  i n s t a b i l  t y  o f  a few p a r t s  i n  l o 6  
l e a d s  to  a random e r r o r  of  about  3 x lo-''. S h i f t s  due t o  thermal 
r a d i a t i o n ,  e lec t r ic  f i e l d s  and microwave swi tch  leakage  are 
es t imated  t o  be  below lo-? 
g a s  molecules  are estimated t o  be  below A l i g h t  s h i f t  can 
e x i s t ,  even though the  l i g h t  is s h u t  o f f  dur ing  t h e  r f  resonance  
per iod ,  i f  coherence s u r v i v e s  the o p t i c a l  pumping per iod .  In  o r d e r  
t o  e l i m i n a t e  a s h i f t  of t h i s  type.  t h e  r f  phase is randomized b e f o r e  
t h e  beginning o f  each r f  resonatxe  per iod .  

Even bet ter  frequency s t a n d a r d  perPormance might be expected i f  
a h y p e r f i n e  t r a n s i t i o  
t r a n s i t i o n  frequency2'. As a p r e l  inary  s t e p  toward t h i s  g o a l ,  the  
ground-s ta te  Zeeman resonance of 14'Hg+ i o n s  s t o r e d  i n  a Penning t r a p  
has  been observed a t  NBS by microwave-optical double  resonance .  The 
va lue  obta ined  f o r  t h e  g f a c t o r  is 2.003 1743(74) ,  which a g r e e s  w i t h  
a t h e o r e t i c a l  c a l ~ u l a t i o n ' ~ ~ .  

S h i f t s  due t o  c o l l i s i o n s  w i t h  res idual  

i n  201Hg+ were u s e d ,  because of  t h e  h igher  

O p t i c a l  S p e c t r a  

I n  t h i s  s e c t i o n  we review o p t i c a l  spectroscopy tha t  has been 
performed w i t h  atomic ions i n  t r a p s .  Very few s u c h  s t u d i e s  have been 
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SPECTROSCOPY OF STORED ATOMIC IONS 1 3  

performed, i f  spectroscopy is narrowly def ined  a s  t h e  de te rmina t ion  
of energy l e v e l  s e p a r a t i o n s .  The f i rs t  observa t ion  of laser - induced  
f luorescence  of t rappeg ions  was made by I f f l a n d e r  and Werth". They 
observed t h e  493 nm 6 t o  6 2P1/2 ( D 1 )  l i n e  of  Ba+ i o n s  i n  an r f  
t r a p ,  using a pulsed tunable  dye  l a s e r  a s  a source .  In l a t e r  work, 
t h e y  observed a s a t u r a t i o n  d i p  i n  the  D1 f luorescen  e when t h e  ions 
were i l lumina ted  by counterpropagat ing  l a s e r  beams7'. T h i s  f e a t u r e  
is not  broadened nor s h i f t e d  by the  f i r s t - o r d e r  Doppler e f f e c t .  The 
hyper f ine  s p l i t t i n g  of  the  D1 l i n e  of t h e  137BaC i s o t o p e  was reso lved  
by B l a t t  e t  a l . 7 7 .  The average k i n e t i c  energy of t h e  t rapped ions i n  
t h e s e  experiments  was a few eV, so the  f i r s t - o r d e r  Doppler broadening 
was l a r g e  ( t y p i c a l l y  about  5 CHz). 

Doppler narrowing t h a t  can be achieved by l a s e r  
We n o t e  aga in  t h a t  l a s e r  c o o l i n g ,  u n l i k e  some o t h e r  Doppler r e d u c t i o n  
techniques ,  can be used t o  e l i m i n a t e  second-order a s  well a s  
f i r s t - o r d e r  Doppler e f f e c t s .  Opt ica l  t r a n s i t i o n s  have been observed 
f o r  which t h e  w i d t h s  a r e  dominated by the  n a t u r a l  l i n e w i d t h s ,  d u e  t o  
t h e  reduct ion  of t h e  f i r s t - o r d e r  Doppler broadening by l a s e r  cool ing .  
T h i s  degree o f  l i n e  narrowing h a s  been o!served on s i n g l e  Mg+ i o n s  i n  
a Penning t r a p  a t  NBS26 and on s i n g l e  M and Ba+ i o n s  i n  rf t r a p s  a t  

2712'. T h e  U W. group obtained a t h e  Univers i ty  of Washington ( U . W . )  
v a l u e  f o r  t h e  n a t u r a l  l inewidth  of  t h e  280 nm 3 S l I 2  t o  3 2 P 3 / 2  ( D 2 )  
l i n e ,  which agreed w i t h  p r e v i o u s l y  publ i shed  Hanle-effect  measure- 
ments, by f i t t i n g  t h e  observed resonance p r o f i l e s .  ( F i g .  5 )  

A narrow s p e c t r a l  f e a t u r e  i n  a s i n g l e ,  t rapped Ba ion  due t o  
two-photon e x c i t a t i o n  of  t h e  6 2S1/2  - 6 2P1,2 - 5 2 D  / 2  Raman 
resonance 3 s  f i rs t  observed i n  experiments  a t  t h e  Un?versi ty  o f  
Heidelberg . T h i s  f e a t u r e  is p o t e n t i a l l y  very narrow, s i n c e  its 
n a t u r a l  l i n e w i d t h  is on t h e  order  of t h e  i n v e r s e  of 
l i f e t i m e ,  which h a s  been measured t o  be 17 .5  (4.0) s . 

S1, 

Experiments a t  s e v e r a l  l a b o r a t o r i e s  have now demons r ted t h e  

> 

2 ;Be D3/2 

2 700 I . , ' , ' ,  

frequency (MHz) 

Fig. 5. 
t r a p  a s  a f u n c t i o n  of t h e  r e l a t i v e  o p t i c a l  f requency.  ?he sharp  
decrease  i n  s i g n a l  above t h e  l i n e  c e n t e r  is due t o  laser - induced  
h e a t i n g .  The f i t t e d  l i n e w i d t h  is equal  t o  t h e  n a t u r a l  l i n e w i d t h  t o  
w i t h i n  t h e  measurement e r r o r .  (From r e f .  27)  

F luorescence  of a s i n g l e  laser -cooled  24Mg+ ion i n  an r f  

In  r e c e n t  work a t  U.W. t is f e a t u r e  has  been observed w i t h  
g r e a t l y  increased  r e s o l u t i o n  . I n  t h e s e  exper iments ,  t h e  b lue  ( 4 9 3  22i 

TN-157 



14 SPECTROSCOPY OF STORED ATOMIC IONS 

0 e 

f 

nm) laser is tuned t o  t h e  low s i d e  of t h e  6 2S1/2 t o  6 2P1/22 
tr n s i t i o n  and t h e  red  (650 nm) laser is swep t  across the  5 

obse rved .  What 13 obse rved  is a b road  r e s o n a n c e  du? t o  the 
one-photon t r a n s i t i o n  c e n t e r e d  a t  t h e  5 2 D 3 / 2  t o  6 
w i t h  a na r row d i p  which o c c u r s  a t  t h e  two-photon r e s o n a n c e  ( i .e. ,  
when t h e  f r equency  d i f f e r e n c e  between t h e  b l u e  and r e d  lasers 1s 
e q u a l  t o  t h e  6 2S1,2 t o  5 2D /2 t r a n s i t i o n  f r e q u e n c y ) .  
two-photon r e s o n a n c e  is b r  a J e n e d ,  b u t  t o  a h i g h  d e g r e e  n o t  s h i f t e d  
by t h e  laser i n t e n ~ i t i e s l ~ ~ .  The obse rved  l i n e w i d t h  o f  t h e  d i p  is 
a b o u t  5 MHz and is due t o  t h e  laser requency  w i d t h s .  This is less 

MHz. This t y p e  o f  two- o t o n  r e s o n a n c e  has  been  o b s e r v e d  p r e v i o u s l y  

measured i n  e x p e r i m e n t s  a t  NB.S7'. 
carr i  d o u t  i n  a Penning t r a p ,  one  laser was tuned  t o  t h e  low s i d e  of 
t h e  2'Mg+ component,  to  c o n t i n u o u s l y  cool t h e  ion  c l o u d ,  w h i l e  t h e  
f l u o r e s c e n c e  induced by a lower-power laser was obse rved  as its 
f r e q J e n c y  was swept .  Laser c o o l i n g  was p a r t i c u l a r l y  u s e f u l  f o r  t h i s  
m e a s x e m e n t  because  it a l lowed  f u l l  r e s o l u t i o n  o f  t h e  o p t i c a l  i s o t o p e  
s t r u c t u r e  which is norma l ly  obscu red  by t h e  room t e m p e r a t u r e  Doppler  
w i d t h .  These measurements are i n  agreement  w i t h  t h o s e  made by o t h e r  
method 3. 

D3/2 t o  6 1 P l I 2  t r a n s i t i o n  w h i l e  f l u o r e s c e n c e  a t  t h e  b l u e  wave leng th  is 

PlI2 t r a n s i t i o n  

The 

t h a n  t h e  n a t u r a l  l i n e w i d t h  OP t h e  6 8 P l I 2  s ta te ,  which is a b o u t  21 

i n  other atomic s y s t e m s  'is . 
The i s o t o p e  and h y p e r f i n e  h i f t s  o f  t h e  D2 l i n e  o f  Mg* were 

I n  these  e x p e r i m e n t s ,  which were 

The f i r s t  measurement o f  t h  
of the  2 2P1/2 e x c i t e d  s t a t e  of 

4 c 110MHz 
"c: * *  

* *  
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The ions were confined i n  a Penning t r a p  a t  a magnetic f i e l d  of about  
1.14 T and laser -cooled  t o  about  0.5 K by e x c i t a t i o n  o f  a 
hyperfine-Zeeman component of  t h e  313 nm 2 2S1,2 t o  2 2 P 3 / 2  (D2) l i n e  
wi th  a frequency-doubled dye laser. S e v e r a l  hyperfine-Zeeman 
components of t h e  2 2S1/2 t o  2 ’P1,* (Dl) l i n e  were probed w i t h  a 
second frequency-doubled d y e  laser ( F i g .  6 ) .  The resonance 
f requencies  of these components were mea3 red by comparing t h e  dye 
l a s e r  f r e q u e n c i e s  t o  t h e  f r e q u e n c i e s  of  18712 hyper f ine  compo- 
nents .The r e l a t i v e  f r e q u e n c i e s  of t h e  l Z 7 I 2  components were 
determined by l a s e r  heterodyne measurements. The laser cool ing  was 
requi red  in  o r d e r  t o  r e s o l v e  the  hyper f ine  components of t h e  D1 l i n e .  
The va lue  obta ined  f o r  A(2  2 P 1 / 2 )  was -118.3(3.6)  MHz, which is i n  
good agreement w i t h  t h e o r e t i c a l  c a l c u l a t i o n s .  

begun t o  e x p l o i t  the  p o s s i b i l i t i e s  f o r  high r e s o l u t i o n  o p t i c a l  
spectroscopy wi  t h  t rapped ions.  The fundamental advantages are t h e  
same a s  f o r  microwave spectroscopy ( long  observa t ion  times w i t h  Small 
p e r t u r b a t i o n s  and e l i m i n a t i o n  of Doppler e f f e c t s  by l a s e r  c o o l i n g ) .  
There is the  a d d i t i o n a l  advantage of h igher  f r a c t i o n a l  r e s o l d t i o n  f o r  
a g iven  measurement p e r i o d ,  due t o  t h e  h igher  t r a n s i t i o n  f r e q u e n c i e s .  

C e r t a i n l y ,  t h e  few experiments  descr ibed  here have only j u s t  

V MASS SPECTROSCOPY 

In  a d d i t i o n  t o  t h e  s t u d y  of s p e c t r a  due t o  t h e  i n t e r n a l  energy 
l e v e l s  i n  atomic i o n s ,  t h e  p o s s i b i l i t y  a l s o  e x i s t s  t o  perform mass 
spectrum a n a l y s i s  us ing  t h e  t r a p s .  The Paul (o r  r f )  t r a p  is t h e  
t h r e e  dimensional  analogue of  t h e  Paul  rf quadrupole  mass spectrome- 
ter  which is coarnonly used  f o r  r e s i d u a l  g a s  a n a l y s i s .  For high 
r e s o l u t i o n  s t u d i e s ,  measuring mass r a t i o s  by comparing t h e  c y c l o t r o n  
f r e q u e n c i e s  of d i f f e r e n t  i o n s  i n  t h e  same magnetic f i e l d  has been 
more s u c c e s s f u l .  

For s e v e r a l  y e a r s ,  t rapped  ion c y c l o t r o n  resonance ( I C R )  
spec t rometers  have been used by chemis ts  t o  y i e l d  mass ~ p e c t r a ~ ’ - ~ ~ .  
Trapped I C R  spec t rometers  a r e  b a s i c a l l y  Penning t r a p s  w i t h  rec tangu-  
l a r  phaped e l e c t r o d e s .  I f  semiempir ical  f i t s  a r e  made t o  t h e  
c y c l o t r o n  resonances i n  o r d e r  t o  account  fo r  ion number dependent 
e f f e c t s  such s space charge ,  mass de termina t ions  near  1 ppn accuracy 
a r e  possible8‘. However, Penning t r a p s  w i  t h  hyperbol ic  e l e c t r o d e s  
would seem t o  be b e t t e r  f o r  very high r e s o l u t i o n  work f o r  t h e  
fol lowing reason:  To t h e  e x t e n t  t h a t  t h e  e l e c t r i c  p o t e n t i a l  i n s i d e  
t h e  t r a p  is q u a d r a t i c  and t h e  magnetic f i e l d  (B) homogeneous, t h e  
(modi f ied)  c y c l o t r o n ,  a x i a l ,  and magnetron motions a r e  harmonic 
( n e g l e c t i n g  r e l a t i v i s t i c  e f f e c t t i  and t h e i r  f r e q u e n c i e s  ( v c l ,  vZ and 
vm r e s p e c t i v e l y )  a r e  r e l a t e d  by : 

15 

where wc is the  “unmodified” c y c l o t r o n  frequency i n  a magnetic f i e l d  
B.  I n  pr?ncip;e ,  a q u a d r a t i c  e l e c t r i c  p o t e n t i a l  is guaranteed i f  
t h e  e l e c t r o d e s  a r e  e q u i p o t e n t i a l s  of t h e  f u n c t i o n  9 - A ( r 2  - 2z2) .  
’his case  is more n e a r l y  s a t i s f i e d  f o r  t he  Penning t r a p s  with 
hy?erbol ic  e l e c t r o d e s  than for  t h e  t y p i c a l  ICR c e l l s .  Therefore ,  we 
could expect  h igher  r e s o l u t i o n ?  and accuracy i n  t h e  Penning t r a p s  
because t h e  h igher  order  terms i n  t h e  p o t e n t i a l  (which g ive  r i s e  t o  
anharmonic frequency s h i f t s  and corresponding u n c e r t a i n t i e s )  would be 
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16 SPECTROSCOPY OF STORED ATOMIC IONS 

l e s s .  Additionally, sample si es fo r  ions and e l ec t rons  i n  Penning 

of magnetic f i e l d  inhomogeneities and e l e c t r i c  f i e l d  i q e r f e c t i o n s .  

Penning t r a p  for  mss spectroscopy. I n  the three experiments of 
refs.87-89, d i r e c t  measurements of the electron/proton mass r a t i o  
( m  /m ) were made by comparing the cyclotron frequencies of e l ec t rons  P an8 protons in the  same Penning t r a p  apparatus: t h i s  d i r e c t  
measurement of such widely d i f f e r e n t  masses would b m a r l y  
impossible i n  a more conventional mass spectrometer". 

d i f f e r  i n  the method of detection. For example M r t n e r  and Klempt 
(2.9 ppm accuracy) de t ec t  e lec t ronl ion  cyclotron resonance by 
measuring lectron/ion loss from the  t rap  a f t e r  resonant 

resonant exc i ta t ion  of electron/proton cyclotron motion is detected 
by the increase of the electron/proton o r b i t a l  magnetic moment; t h i s  
appears a s  a change i n  the time of f l i g h t  spectrum uhen the  
electrons/protons a re  e jec ted  out one endcap in to  an ax ia l ly  
symmetric inhomogeneous magnetic f i e l d .  

e t  a l .  TB8*E. T h i s  accuracy comes about primarily because the 
experiment is more s e n s i t i v e  to  cyclotron exc i t a t ion ,  therefore  
anharmonic and r e l a t i v i s t i c  e f f e c t s  i n  the spec t ra  a r e  l e s s .  In  t h i s  
experiment, v c ' ,  vz and vm a r e  separately determined y ie ld ing  vc v ia  
Eq. 1 .  vz is measured by observing the spectrum of induced cu r ren t s  
i n  the endcap e lec t rodes .  The proton cyclotron resonance is observed 
by s p l i t t i n g  the r ing  e lec t rode  in to  quadrants, exc i t ing  t h e  
cyclotron motion by applying ac voltage across two of the  quadrants 
and de tec t ing  the induced cur ren ts  i n  the other two quadrants i n  a 
bridge arrangement. 
s igna l  is shown i n  Fig. 7 where the  l i n e  is only 0.2 Hz (2.5 ppb) 
wide. R cen t ly  l inewidths on the  order of 30 mHz have been 
observed". Electron cyc o t ron  resonance is detected using t h e  
magnetic b o t t l e  technique42 and vm is measured v ia  sideband s t r u c t u r e  
on the vz and vc' spectra8'. The present uncertainty i n  m / m  (0.04 
ppm) is l imi ted  by the uncertainty i n  t h e  respec t ive  positfong of the  
e lec t rons  and protons ( a n d  therefore  the respec t ive  average magnetic 
f i e l d )  when they a r e  a l t e r n a t e l y  s tored  i n  the  t rap .  

In the experiments of  Wineland e t  a1.93, v c ' ,  vz and vm f o r  'Be+ 
ions i n  a Penning t r a p  were determined by observing the changes i n  
ion fluorescence sca t t e r ing  from a l a s e r  beam which is focused onto 
the cooled ion cloud. That is ,  when t h e  ion motional frequencies a r e  
excited by an ex terna l ly  applied o s c i l l a t i n g  e l e c t r i c  f i e l d ,  t he  ion 
o r b i t s  increase i n  s i z e  causing a decrease i n  ion c loud/ laser  beam 
overlap which r e s u l t s  i n  a decrease i n  l a s e r  fluorescence. In these 
expe iments, the r e su l t i ng  value of vc (from Eq.  1 )  was compared t o  

by a ra ther  la rge  anharmonic term i n  the e l e c t r i c  po ten t i a l .  This 
r e s u l t  could be viewed a s  giving an i n  i r e c t  measurement of me/m 

viewed a s  yielding a measurement of g,( Be+) ( t o  0.15 ppm) by using 
the  Van Dyck e t  a l . ,  measurement of me/m 

t r aps  can b e  qu i t e  small (< m 5 1, therefore suppressing the e f f e c t s  

F i v e  recent  experiments have demonstrated the  usefulness of the  

These three experiments a r e  very s imi la r  in p r inc ip l e ;  they 

exc i t a t ion  87 . I n  the  work of Grlff  e t  a l .  (0 .6  ppm accuracy),  

st accurate measurements (0.04 ppm) a r e  those of Van Dyck 

A r e s u l t i n g  76.4 MHz synchronously detected 

the c; Be' e lec t ron  s p i n  f l i p  frequency to 0.15 ppm accuracy, l imited 

( t o  
0 . 2  ppm) i f  a t heo re t i ca l  value of gJ( $ !e+) is assumed o r  i t  couyd be 

P '  
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SPECTROSCOPY OF STORED ATOMIC IONS 17 

i ' i ' l ' i ' l '  

v i  (P') 

1 . 1  . . . , .  I .  Frequency (Hr) 

76,?*':5,472 74 76 70 80 82 

F i g .  7 .  Graph o f  p r o t o n  c y c l o t r o n  r e s o n a n c e  i n  a Penning  t r a p .  T h i s  
na r row d i s p e r s i o n - s h a p e d  c u r v e  is t t e  r e s u l t  of  d i r e c t  synchronous  
d e t e c t i o n  o f  t h e  r e s o n a n c e  a t  u c ' ( p  
s p l i t  q u a d r i n g  d e s i g n  i n  a wel l -compensa ted  Penn ing  t r a p  ( f o r  Vo - 
5 4 . 4  V). The l i n e w i d t h ,  l i m i t e d  p r i m a r i l y  by o b s e r v a t i o n  time, 
r e p r e s e n t s  fewer t h a n  UO protons. (From ref .  8 9 )  

= 76 ,365 ,476 .9  Hz u s i n g  t h e  

I n  t h e  e x p e r i m e n t s  o f  Schwinberg  e t  a l . 9 4  t h e  e l e c t r o n / p o s i t r o n  
mass r a t i o  was measured  t o  a p r e c i s i o n  of a b o u t  0.1 ppm. The 
c y c l o t r o n  f r@uency  d e t e c t i o n  method is t h e  same a s  f o r  t h e  g-2 
e x p e r i m e n t s .  

D i s c u s s i o n  

I t  a p p e a r s  t h a t  s e v e r a l  o rders  of magn i tude  improvement c a n  b e  
e x p e c t e d  i f  t h e  e f f e c t s  o f  magne t i c  and  e l e c t r i c  f i e l d  i m p e r f e c t i o n s  
c a n  b e  r educed .  ( R e l a t i v i s t i c  e f f e c t s  can  a l s o  b e  v e r y  i m p o r t a n t ;  
see Van Dyck ,  these p r o c e e d i n g s ) .  Two ways t h i s  c a n  be done  are  ( 1 )  
d i r e c t l y  r e d u c e  t h e  f i e l d  i m p e r f e c t i o n s .  H ighe r  order terms i n  t h e  
e l e c t r i c  p o t e n t i a l  c a n  b e  r educed  by usi compensa t ion  e l e c t r o d e s  
and  magne t i c  b o t t l e s  c o u l d  be  e l imina ted" .  One must worry  a b o u t  
d i s t o r t i o n s  of t h e  m a g n e t i c  f i e l d  b t he  e l e c t r o d e s ;  these  c o u l d  be 

t o  i o n  mot ion .  If much smalier i o n  m o t i o n s  c a n  be d e t e c t e d ,  t h e  i o n s  
sample  f i e l d  i m p e r f e c t i o n s  t o  a lesser  e x t e n t .  These  e f f e c t s  u s u a l l y  
scale a s  some h i g h  power ( 2  2 )  of t h e  ion a m p l i t u d e  s o  t h a t  
improvement here c o u l d  b e  s u b s t a n t i a l .  (F requency  s h i f t i n g  e f f e c t s  o f  
t h i r d  and f o > 3 r t h  order anha rmon ic  terms have  beer. d i s c u s s e d  by Landau 
and  t i f s h i t z g b ;  t hese  a rgumen t s  can  be e x t e z d e d  t o  h i g h e r  order 
terms). I d e a l l y ,  one -wou ld  l i k e  t o  u s e  s i n g l e  i o n s  a t  v e r y  low 
t e n p e r a t u r e  s i n c e  t h e  e x t e n t  o f  i o n  o r b i t s  :an be e x t r e m e l y  small. 
D e t e c t i o n  s e n s i t ' v i t y  t o  induced  c u r r e n t s  c a n  b e  i n c r e a s e d  by u s i n g  
SQUID and t h e r e f o r e  can  b e  e x t e n d e d  t o  h e a v i e r  i o n s  

s u p p r e s s e d  by a p p r o p r i a t e  machin ing  45 . ( 2 )  I n c r e a s e  t h e  s e n s i t i v i t y  
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18 SPECTROSCOPY O F  STORED ATOMIC IONS 

( i n c l u d i n g  molecular  i o n s )  wh ch  are mre d i f f i c u l t  t o  d e t e c t .  

f l u o r e s c e n c e  methodg3; t h i s  is p r i m a r i l y  a s t a t e m e n t  t h a t  if  the i o n s  
can be laser cooled,  they can be confined (and d e t e c t e d )  i n  extremely 
small r e e i o n s  o f  space  where f i e l d  imperfect ion e f f e c t s  are 
m inlmized. 

up i n  s e v e r a l  ways; for s i m p l i c i t y  w e  only d i s c u s s  t h e  e f f e c t  on t h e  
a x i a l  resonance here b u t  similar arguments could bemade  for t h e  
o t h e r  d e g r e e s  of  freedom. For a s i n g i e  ion s p e c i e s  near  the  c e n t e r  
o f  t h e  t r a p  where t h e  coupl ing  t o  t h e  endcap e l e c t r o d e s  for a l l  ions 
is t h e  same ( i . e .  t h e  e lectr ic  f i e l d  from a v o l t a g e  a p p l i e d  t o  one 
endcap is uniform over  t h e  c loud)  no space charge  s h i f t  i n  vz is 
observed s ce only t h e  c e n t e r  of mass motion couples  t o  t h e  
e l e c t r o d e s J g .  This was demonstrated i n  the work of Ref. 93 where for 
example, observed magnetron f r e q u e n c i e s  were c o n s i s t e n t  with the f r e e  
space v a l u e  (accuracy = 0.51) but  t h e  magnetron frequency of 
i n d i v i  a1 ions  was s h i f t e d  by about  a f a c t o r  o f  3 because of space 

pancake whose diameter  approaches t h e  t r a p  diameter) then t h e  
i n t e r n a l  modes o f  o s c i l l a t i o n  i n  a d d i t i o n  t o  t h e  c e n t e r  of mass mode 
are observable  because t h e  z coupl ing  t o  t h e  endcaps depends on t h e  
i o n ‘ s  r a d i u s  i n  t h e  trap’”. I n t e r n a l  modes a l s o  become observable  i f  
t h e  ions  are only weakly coupled t o g e t h e r  and the  t r a p  is imperfec t  
so t h a t  f o r  example v depends on r. I f  two s p e c i e s  o f  i o n s  are 
p r e s e n t  i n  t h e  t r a p ,  a i f f e r e n t  e f f e c t s  come i n t o  p lay .  
c l o u d s  the c e n t e r  of mass o s c i l l a t i o n  of  one s p e c i e s  is space  charge  
s h i f t e d  by the o t h e r  i o n s  . T h i s  proper ty  was used i n  r e f .  74 t o  
measure ion d e n s i t y .  I n  t h e  experiment of  r e f . 9 3 ,  t h e  presence  o f  
s i n g l e  BeH+ i o n s  would broaden t h e  Be+ c y c l o t r o n  resonances by more 
than  100 ppm. 

To f u r t h e r  i l l u s t r a t e  the  above remarks, w e  p r e s e n t  a s imple  
example: t h a t  of two i o n s  i n  a Penning t r a p .  If t h e  a x i a l  e x c u r s i o n s  
o f  t h e  ions  ( z ,  and z,) are smal l  compared t o  t h e i r  s e p a r a t i o n  r i n  
t h e  r a d i a l  d i r e c t i o n ,  then the equat ions  of motion i n  t h e  z d i r e c t i o n  
can be  approximately w r i t t e n  

Accuracies  near  1 p r t  i n  lo1 1 are not  u n r e a l i s t i c  for the laser 

For more than one ion i n  t h e  t r a p ,  space  charge  e f f e c t s  can show 

charge $sf . I f  t h e  c loud  is spread  o u t  r a d i a l l y  (e .g .  shaped l i k e  a 

For d i l u t e  

4 

ml Z1 + k, z1 - k3(z1-z2) 

m 2 t 2  + kp z2 - k3(z2-z1) 

where wZi - ( k i / m i ) 1 / 2  ( 1  - 1.2)  are t h e  r e s p e c t i v e  o s c i l l a t i o n  f re-  
quencies  of the i o n s  ( w i t h  t h e  o t h e r  ion removed from t h e  t r a p )  and 
k3 - q1q2/r3.  These e q u a t i o n s  can be  so lved  exactly”’. Some 
l i m i t i n g  cases are i n t e r e s t i n g  t o  examine. 

Case 1 :  k ,  - k2, ml - m2. The c e n t e r  of  mas3 o s c i l l a t e s  a t  t h e  
u n s h i f t e d  v a l u e  wZ - w I f  t h e  coupl ing  t o  t h e  endcaps is 
d i f f e r e n t  for t h e  two ‘ions (ea. suppose one ion is a t  the c e n t e r  of 
t h e  t r a p  and t h e  o t h e r  a t  a nominal r a d i u s  r )  then  some Curr n t  is 
induced a t  t h e  i n t e r n a l  mode frequency w Z D  - (wZ2  - 2k /mI1/’. The 
s t r e n g t h  of  t h e  induced c u r r e n t  due t o  t h e  i n t e r n a l  mde w i l l  scale 
w i t h  the d i f f e r e n c e  i n  endcap coupl ing  between the  two ions. 

- wz2.  
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Case 2:  m l  - m2,  k l  6 k 2 ,  k3  < lk k I w e a k  coup ng l i m i t )  
Observed induced c u r r e n t s  are a t  w z i q  :-(<) - k3/m,) f J2-  . w z i ,  ions  
are n e a r l y  independent. 

Case 3: m l  - m 2 ,  k l  s k 2 ,  k3 > l k l  - k21 ( s t r o n g  coupl ing 
l i m i t ) .  Dominant p a r t  of t h e  c e n t e r  of mass o s c i l l a t i o n  is a t  
frequency w Z q  = ( w Z l  + % 2 ) / 2  ; p a r t i c l e s  appear  locked toge ther .  

Case 4 :  - m ,  - m 2 ,  k l  4 k p ,  k3  : I k ,  - k21 ( i n t e r m e d i a t e  
c o u p l i n g ) .  O s c i l l a t i o n s  near  w z l  an6 wZ2;  q u a l i t a t i v e l y  not  
s i g n i f  i c a n t l y  d i f f e r e n t  than case 2. 

The most s t r a i g h t f o r w a r d  s o l u t i o n  to  space  charge problems is to  
use s i n g l e  i o n s .  Shor t  of t h i s ,  d i f f e r e n t  ion s p e c i e s  can be 
e l imina ted  from t h e  t r a p  b y :  ( 1 )  d r i v  g h e  nwanted ions  o u t  of  t h e  
t r a p  us ing  s t r o n g  motional  e x c i t a t i o n  Bs993*10r. ( 2 )  Operate  t h e  t r a p  
i n  a mass s e l e c t i v e  mode. For r f  t r a p s  both h igh  and low masses can 
be excluded. For t h e  Penning t r a p ,  p a r t i c l e s  w i t h  lower cha g e  t o  
mass r a t i o  can be  e j e c t e d  by exceeding t h e  c r i t i c a l  v o l t a g e 5  f o r  
t h e s e  ions .  
( 3 )  S e l e c t i v e  i o n i z a t i o n .  In  r e f .  93, Be i o n s  were crea:ed b u t  H2+ 
and He+ format ion  was prevented by using an e l e c t r o n  beam energy j u s t  
s l i g h t l y  above t h e  i o n i z a t i o n  p o t e n t i a l  of n e u t r a l  Be. 

p a r t i c u l a r  experiment and can of course  be  q u i t e  complicated.  In  
g e n e r a l ,  i t  w i l l  not  be enough t o  cons ider  t h e  space charge frequency 
s h i f t  of  one ion due t o  t h e  o t h e r  i o n s .  For example, i n  t h e  method 
of  observing induced c u r r e n t s  i n  t h e  e l e c t r o d e s ,  t h e  observable  is 
t h e  sum of t h e  induced c u r r e n t s  due t o  a l l  ions .  In  t h e  s imple c a s e  
of  a small  c loud  of i d e n t i c a l  ions  near  t h e  c e n t e r  of t h e  t r a p ,  space  
charge frequency s h i f t s  i n  t h e  spectrum of  t h e  t o t a l  c u r r e n t  a r e  
a b s e n t .  

T h i s  was used i n  r e f .  93 t o  e g e c t  ions  with N 2 15 u. 

The problem of space  charge frequency s h i f t s  w i l l  depend on t h e  

V I  APPLICATIONS 

The ion s t o r a g e  technique  will c o n t i n u e  t o  f i n d  v a r i e d  
a p p l i c a t i o n s .  We i l l u s t r a t e  h e r e  w i t h  a few examples; o t h e r  
a p p l i c a t i o n s  a r e  mentioned i n  t h e  reviews re e r r e d  o i n  t h e  
i n t r o d u c t i o n  and in  t h e  accompanying papers  16,92,102.  

Frequency Standards  and Clocks 

In  s e v e r a l  l a b o r a t o r i e s ,  t h e  primary mot iva t ion  f o r  doing high 
r e s o l u t i o n  spectroscopy is t o  use such s p e c t r a  as r e f e r e n c e s  f o r  
f requency s t a n d a r d s  and c locks .  Clocks a r e  frequency s t a n d a r d s  where 
i t  is  p o s s i b l e  t o  count  c y c l e s  of t h e  r a d i a t i o n  so  t h a t  time 
i n t e r v a l s  can be genera ted .  T h i s  d i s t i n c t i o n  is an important  one i n  
p r a c t i c e ;  f o r  example, i t  will probably be much more d i f f i c u l t  t o  
o b t a i n  a l a s e r  "clock" than a microwave "clock" even though t h e  
performan of laser frequency s t a n d a r d s  should e v e n t u a l l y  be 
s u p e r i o r  165. 

In  a frequency s t a n d a r d - o r  c lock  o p e r a t i n g  a t  frequency vo, 

and SIN i s  the  s i g n a l  t o  n o i s e  r a t io  f o r  
measurement imprec is ion  (6verror/vO) is approximately l i m i t e d  t o  (Q 
SIN)-' where Q 2 vo/Av 
d e t e c t i n g  t h e  number o? i o n s  t h a t  have made t h e  t r a n s i t i o n .  I f  t h e  

19 
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20 SPECTROSCOPY OF STORED ATOMIC IONS 

r a d i a t i v e  l inewidth  is smal l  enough then t h e  exper imenta l  l inewidth  
(Avo) is probably independent of t he  t rapped ion tha t  is used (eg.  
determined by i n t e r r o g a t i o n  time). Therefore  we would l i k e  t o  use  as 
h igh  a frequency (uo) a s  p o s s i b l e  i n  order  t o  i n c r e a s e  Q. T h i s  is 
t h e  s i n g l e  d isadvantage  of e i the r  Mg* or Be* i o n s  s i n c e  the 
i n t e r e s t i n g  "clock" t r a n s i t i o n s  a r e  only around 300 MHz (Q 10"). 
In  s p i t  of t h i s  l i m i t a t i o n ,  t h e  accuracy achieved with a bery l l ium 
clock"' approaches t h a t  of t h e  b e s t  cesium s t a n d a r d s  and s i g n i f i c a n t  
improvement coulf  be expected.  
microwave c lock2  is perhaps Hg+ (uo z 40 GHz for 148Hg+.) Very 
important  f equenc s tandard  work h a s  a l r e a d y  been accomplished u s i n g  
t h i s  ion 190E00105-Y07, b u t  l a s e r  cool ing  is much h a r d e r  t o  achieve  
than f o r  Be+ or Mgt. A l o g i c a l  ex tens ion  of t h i s  idea  is t o  go t o  
much h igher  f requency;  f o r  example, t o  use a narrow o p t i c a l  
t r a n s i t i o n .  
proposed3; Dehmelt  was the  f i r s t  t o  sugges t  t h a t  such extremely 
high r e s o l u t i o n  spectroscopy could be carried o u t  us ing  s i n g l e  ph 
t r a n s i t i o n s  in  f o r  example s i n g l e  group IIIA i o n s .  For i n s t a n c e  
t h e  6'S0 e 63P0 t r a n s i t i o n  i n  TL* ( A  - 202 nm) h a s  a Q z 5 x lo1! 
For such s i n g l e  photon o p t i c a l  t r a n s i t i o n s ,  i t  is d e s i r a b l e  t o  
approximately s a t i s f y  the  Lamb-Dicke c r i t e r i o n ;  t h i s  is most easily 
accomplished w i t h  s i n g l e  t rapped ions .  In  experiments  a t  Heidel e r g  

+ 6'D /2  s t i m u l a t e d  Ramn t r a n s i t i o n  i n  Ba* is l i m i t e d  by l a s e r  
linew?d h broadening,  b u t  t h i s  
narrow152; t h e  l i f e t i m e  o f  t h e  'DSl2 g i a t e  i n  Ba+ is  17.5 s which 
would g i v e  an i n t r i n s i c  Q of 1.6  x 10 . 
high.  As an example, i n  I n + ,  t h e  l inewidth  of t h e  51S0 + S3P1 
'lcooling" t r a n s i t i o n  s about  1.3 MHz, t h i s  implies a second o r d e r  
Doppl r s h i f t  o or over .  Other  s y s t e m a t i c  s h i f t s  can 
occur  ~ - 5 1 1 3 1 1 9 , ~ 1 , 2 4 , 4 0 , 1 0 ~ - 1 1 1  b u t  i t  is n o t  unreasonable  t o  t h i n k  
they will be smaller than or c o n t r o l l a b l e  t o  t h i s  l e v e l .  These 
extreme a c c u r a c i e s  make important  t h e  problem of mearwement 
imprec is ion  s i n c e  the s i g n a l  t o  n o i s e  r a t i o  on a s i n g l e  i o n  will be 
about  one for each measurement cyc le .  P r a c t i c a l l y  speaking ,  t h i s  
means t h a t  a long averaging  time will be r e q u i r e d  to  r e a c h  a 
measurement p r e c i s i o n  e q u a l  t o  t h e s e  a c c u r a c i e s .  I n  f a c t ,  f o r  a 
whi le ,  it may be t h a t  the accuracy and r e s o l u t i o n  w i l l  be l i m i t e d  by 
l a s e r  l inewidth  c h a r a c t e r i s t i c s  ( l inewidth  and l inewidth  symmetry) .  

A b e t t e r  ion for a ser cooled 

A numfgg of  t r a n s i t i o n s  i n  v a r i o u s  i o n s  have been 

i8bon 

and S e a t t l e ,  t h e  p r e s e n t  r e s o l u t i o n  of t h e  two photon 6'S1/2 + 6 s P l I 2  

r a n s i t i o n  could be extremely 

The accuracy f o r  o p t i c a l  f requency s t a n d a r d s  could  be  extremely 

However t h e  
exists103p 1 1 9 ,  f 13. 

o t e n t i a l  f o r  extremely narrow t u n a b l e  lasers a l so  

Search f o r  S p a t i a l  Anisotropy 

Frequency s t a n d a r d s ,  inc luding  t h o s e  based on atomic or n u c l e a r  
(M6ssbauer) t r a n s i t i o n s ,  have t r a d i t i o n a l l y  played an important  r o l e  
i n  t e s t i n g  g r a v i t a t i o n a l  t h e o r i e s .  One example is measurements of 
t h e  g r a v i t a t i o n a l  red  s h i f t .  I n  a d d i t i o n ,  the very h igh  r e s o l u t i o n  
a t t a i n e d  i n  t rapped ion spectroscopy e n a b l e s  o t h e r  s e n s i t i v e  tests of 
t h e  E i n s t e i n  Equivalence P r i n c i p l e  ( E E P ) .  A l l  m e t r i c  t h e o r i e s  o f  
g r a v i t y  ( i n c l u d i n g  General R e l a t i v i t y )  are founded on t h e  EEP,  
according t o  which, any n o n g r a v i t a t i o n a l  p h y s i c s  experiment  done i n  a 
l o c a l  f reely f a l l i n g  frame near  a s t r o n g l y  g r a v i t a t i n g  mass will have 
t h e  same outcome when done i n  a f r e e l y  f a l l i n g  frame f a r  away from 
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a l l  such m3sses. Also included i n  the  EEP is  l o c a l  Lorentz  
invar iance  which s t a t e s  t h a t  the  outcome of t h e  experimen is 
i n d e p e n d e n t  of t h e  v e l o c i t y  of t h e  Freely f a l l i n g  
par t !cu lar ,  two d i f f e r e n t  atomic c l o c k s  ( i . e . ,  c l o c k s  based on 
t r a n s : t i o n s  i n  two d i f f e r e n t  k inds  of atoms) loca ted  a t  t h e  same 
p o i n t  i n  space-time w i l l  have r e l a t i v e  r a t e s  which a r e  independent of 
( 1 )  t h e  v e l o c i t y  of t h e  f r e e l y  f a l l i n g  l a b ,  and ( 2 )  t h e  p o s i t i o n  and 
mass of s t r o n g l y  r a v i t a t i n g  bodies .  As a t es t  of t h e  EEP t h e  
frequency of t h e  'Be+ "clock" t r a n s i t i o n  (MJ = 1/2,  MI - -3 /2)  + (MJ - 1/2, MI - 
hydrogen t o  see  i f  a c o r r e l a t i o n  can be found w i t h  
o r i e n t a t i o n  In space.  

t h e  EEP and s h i f t  t h e  'Be* "clock" t r a n s i t i o n  r e l a t i v e  t o  t h e  
hydrogen t r a n s i t i o n .  The f i r s t  is a d i r e c t  coupl ing  of a n u c l e o n ' s  
Spin t o  t h e  g r a v i  t a t  i o n a l  f i e l d  , ' 6. 

I n  

h a s  been compared t o  t h e  frequency of  a p a s s i v e  

Two g r a v i t a t i o n a l  i n t e r a c t i o n s  have been proposed which v i o l a t e  

Ug - U(r) 7 0 ;I - U(r)  I ,P l (cos  61 ,  

where U(r) is t h e  s t r e n g t h  of t h e  coupl ing ,  r^ is t n e  u n i t  v e c t o r  
po in t ing  from t h e  p a r t i c l e  t o  t h e  source  of  t h e  f i e l d  and 6 1s t h e  
angle  between t h e  magnetic f i e l d  usedAto conf ine  t h e  'Be+ ions  ( t h e  
q u a n t i z a t i o n  ax is )  and t h e  d i r  c t i o n  r .  In  t h e  second model1l7 t h e  
i n e r t i a l  mass of  a nucleon i n  
its o r b i t  r e l a t i v e  t o  the  d i r e c t i o n  toward nearby massive bodies  i n  
t h e  u n i v e r s e  ( e . g . ,  t h e  M i l k y  Way Galaxy or t h e  Virgo S u p e r c l u s t e r  
of g a l a x i e s ) .  This mass an iso t ropy  is a quadrupolar  e f f e c t  and t h u s  
produces a s h i f t  o f  t h e  'Be+ t r a n s i t i o n  p r o p o r t i o n a l  t o  P2(cos 6). 
These experiments  a r e  a130 s e n s i t i v e  t o  a quadrupolar  coupl ing  
between a nuc leon ' s  v e l o c i t y  ( i n  t h e  l a b o r a t o r y  frameland t h e  
ve oc iey  of t h e  e a r t h  through the  cosmic microwave background 
11'*118. 

i n v e s t i g a t i n g  t h e  e x t e n t  t o  which t h e  mean rest  frame of t h e  u n i v e r s e  
a c t s  a s  a p r e f e r r e d  frame. 

These experiments  have searched f o r  a s i d e r e a l  time v a r i a t i o n  i n  
t h e  'Be+ "clock" t r a n s i t i o n  which is p r o p o r t i o n a l  t o  P Q ( c o s  B )  (k = 
1 , 2 , 3 )  for  three d i r e c t i o n s  of t h e  u n i t  v e c t o r  ^r: t h e  d i r e c t i o n  of 
t h e  g a l a c t i c  c e n t e r ,  t h e  d i r e c t i o n  of t h e  Virgo s u p e r c l u s t e r  c e n t e r  
and the  d i r e c t i o n  of motion through t h e  apparent  mean r e s t  frame o f  
t h e  un iverse .  Pre l iminary  experiments  have achieved r e s o l u t i o n  b e t t e r  
than 1 mHz and s e e  no such v a r i a t i o n  These f i r s t  resul ts  have 
decreased t h e  limits s e t  by Hughes1'$ and Drever12' on a P z ( c o s  6 )  
var ia t io 'n  by ii f a c t o r  of about  50. U l t i m a t e l y ,  one could expect  an 
i n c r e a s e  i n  r e s o l u t i o n  of an a d d i t i o n a l  f a c t o r  of 100 or more. 

8 Be* depends upon t h e  o r i e n t a t i o n  of  

T h u s  i t  is p o s s i b l e  t o  t e s t  l o c a l  Lorentz  i n v a r i a n c e  by 

21 

Non Neut ra l  Plasmas 

A t  s u f f i c i e n t l y  high ion d e n s i t i e s  and s u f f i c i e n t l y  low ion 
tempera tures  such t h a t  t h e  Debye length  is smal l  compared t o  t h e  ion 
cloud dimensions,  t h e  ion cloud i n  a Penning or rf  t r a p  ?a?. b e  
descr ibed  a s  a non-neutral  Experiments on ions 2nd 
e l e c t r o n s  s t o r e d  in  Penning-type traps have s t u d i e d  a v a r i e t y  of 
p lasma and coopera t ive  e f f e c t s .  E x a ~ l e s  inc lude  the  s e c t r a  of  
plasma and d iocot ron  waves i n  t h r e e  dimensional  plasmas 21-123 and 
t h e  d e t e c t i o n  of waves s i m i l a r  t o  t h e  drumhead modes of  a v i b r a t i n g  

P 
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membrane, i n  a n e a r l y  t w  d imensional  c loud of  i o n s  stored i n  a 
hyperbol ic  Penning t r a p l g 0 .  Radia t ion  p r e s s u r e  from l a s e r s  can  b e  
used t o  cool  and compress stored ions  and s t u d y  non-neutral  p l a s u a s  
i n  a s t a t e  where the  thermal  energy per  ion is less  than t h  Coulomb 
energy per  ion. Such a plasma is c a l l e d  s t r o n g l y  coupled12'. A 
s t r o n g l y  coup1 d plasma is c h a r a c t e r i z e d  y t h e  Coulomb coupl ing  
c o n s t a n t  r 
t h e  ion temperature ,  and n is t h e  ion number d e n s i t y .  Extens ive  
t h e o r e t i c a l  ca  c u l a t i o n s  e x i s t  f o r  a s t r o n g l y  coupled one component 
plasma (OCP)'". An OCP c o n s i s t s  of a s i n g l e  charge s p e c i e s  embedded 
i n  a un form d e n s i t y  background of o p p o s i t e  charge.  These c a l c u l a -  
ti0n312' p red ic t  t ha t  a t  r z 2, t h e  p a i r  c o r r e l a t i o n  f u n c t i o n  should 
begin  to  show sc i  ' a t i o n s  c h a r a c t e r i s t i c  o f  a l i q u i d ,  and a t  m c h  
l a r g e r  values 1*5t1'' of r ( r  Z 1794, c r y s t a l l i z a t i o n  may take place.  
C r y s t a l l i z a t i o n  h a s  been observed i n  a two dimensional  OCP ( r  z 
137) and i n  a system of charged aluminum p a r t i c l e s  ( s e v e r a l  microns 
i n  s i z e )  s t o r e d  i n  an r f  t rap128.  I n  a frame of  r e f e r e n c e  r o t a t i n g  
wi th  t h e  ( t x 8 )  r o t a t i o n  frequency of  an ion cloud in  a Penning t r a p ,  
t h e  i o n s  can be viewed as being embedded i n  a uniform charge 
d i s t r i b u t i o n  o f  o p p o s i t e  s i g n .  S p e c i f i c a l l y ,  t h e  s p a t i a l  c o r r e l a -  
t i o n s  and the v a l u e s  of r f o r  t h e  o n s e t  of  l i q u i d  and s o l i d  behavior  
are t h  same f o r  t h e  OCP and t h e  non-neutral  plasma i n  a Penning 
t r a p  12%. A v a l u e  af I' on the o r d e r  o f  2 has been es t imated  f o r  a 

cooled t o  near t h e  4K t mperature of i ts  surroundings.  
plasma of l a s e r  cooled 'Be+ i o n s  s t o r e d  i n  a Penning t r a p  
r as  l a r g e  a s  10 ( i n d i c a t i n g  l i q u i d  behavior)  has been me;s,"rz@: O r  
I n  t h i s  l a t t e r  experiment ,  a second laser was used t o  probe t h e  ion 
plasma and measure the  temperature o f  t h e  ions  from t h e  Doppler 
broadening of the  o p t i c a l  probe t r a n s i t i o n .  The ion number d e n s i t y  
was determined by measuring the ( 2 x 8 )  cloud r o t a t i o n  frequency.  
Because the  t r a p  e l e c t r i c  f i e l d  and magnetic f i e l d  were known. t h e  
space  charge e l e c t r i c  f i e l d  was extracted from t h e  cloud r o t a t i o n  
frequency and used t o  determine t h e  ion number d e n s i t y .  Ion number 
d e n s i t i e s  o f  - 2 x 107/cm3 and temperatures  of  < 75 mK produced 
v a l u e s  o f  r z 10. Values of  r l a r g e  enough to observe  a l i q u i d - s o l i d  
phase.  t r a n s i t i o n  should be  a c o e s s i b l e  i n  f u t u r e  v e r s i o n s  of t h i s  
experiment. I f  t h e  t h e o r e t i c a l  c o o l i n g  and d e n s i t y  limits can b e  
o b t a i n e d ,  va lues  o f  r a 3  l a r g e  a3 15,000 are perhaps p o s s i b l e  f o r  Be' 
ions .  Because exper imenta l  information on three d imens iona l ,  
s t r o n g l y  coupled plasmas is almost  non-exis ten t ,  t h e s e  experiments  
can  provide  some u s e f u l  tests of t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  

t q / akBT where a - (4nn/3)-1/3. q is t h e  ion charge ,  T is 

pure e l e c t r o n  plasma s t o r e d  i n  a long c y l i n d r i c a l  
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